Histone demethylase upregulation has been observed in human cancers, yet it is unknown whether this is a bystander event or a driver of tumorigenesis. We found that overexpression of lysine-specific demethylase 4A (KDM4A, also known as JMJD2A) was positively correlated with Gleason score and metastasis in human prostate tumors. Overexpression of JMJD2A resulted in the development of prostatic intraepithelial neoplasia in mice, demonstrating that JMJD2A can initiate prostate cancer development. Moreover, combined overexpression of JMJD2A and the ETS transcription factor ETV1, a JMJD2A-binding protein, resulted in prostate carcinoma formation in mice haplodeficient for the phosphatase and tensin homolog (Pten) tumor-suppressor gene. Additionally, JMJD2A cooperated with ETV1 to increase expression of yes associated protein 1 (YAP1), a Hippo pathway component that itself was associated with prostate tumor aggressiveness. ETV1 facilitated the recruitment of JMJD2A to the YAP1 promoter, leading to changes in histone lysine methylation in a human prostate cancer cell line. Further, YAP1 expression largely rescued the growth inhibitory effects of JMJD2A depletion in prostate cancer cells, indicating that YAP1 is a downstream effector of JMJD2A. Taken together, these data reveal a JMJD2A/ETV1/YAP1 axis that promotes prostate cancer initiation and that may be a suitable target for therapeutic inhibition.
Introduction
Prostate tumors are the most frequently diagnosed cancer in US men and a major health problem throughout the world. Apart from surgery and radiotherapy, androgen ablation is a standard treatment for advanced prostate cancer. However, patients with metastases generally relapse and die soon thereafter (1). The current lack of other effective therapies highlights the dire need for new drug targets to combat metastatic prostate cancer.
Deletion of tumor suppressors such as phosphatase and tensin homolog (PTEN), tumor protein p53 (TP53), or NK3 homeobox 1 (NKX3-1) is common in prostate cancer and linked to its etiology (2) . On the other hand, various oncogenes are mutated or overexpressed in prostatic neoplasias, but arguably most prevalent are transcription factor Ets (ETS) chromosomal translocations that lead to the overexpression of DNA-binding ETS transcription factors (3) (4) (5) . ETS genes most frequently translocated are v-ets avian erythroblastosis virus E26 oncogene homolog (ERG) and ets variant 1 (ETV1). Compared with ERG, ETV1 upregulation correlates with more relapse after radical retropubic prostatectomy, is more enriched in metastases, and results in poorer disease-free survival in conjunction with PTEN loss (6, 7) , suggesting that ETV1 translocations mark highly aggressive prostate tumors.
Aside from genetic defects, epigenetic changes underlie tumor development. Accordingly, drugs influencing the epigenetic state of a cell, such as histone deacetylase inhibitors, have proven to be valuable in the therapy of some cancers (8) . Notably, changes of acetylation and methylation on specific histone residues were identified as predictors of prostate cancer recurrence (9, 10) . This implies that modulating histone posttranslational modifications may be effective in restricting prostate tumor growth.
Histone lysine methylation was only recently recognized as an important posttranslational modification in cancer (11) . However, histone demethylation and especially the corresponding demethylases have remained immensely understudied in prostate tumors. The vast majority of histone demethylases belong to the family of Jumonji C domain containing (JMJD) proteins (12) . One demethylase subfamily consists of the 4 homologous JMJD2A-D proteins, also called lysine-specific demethylase 4A (KDM4A) (13) . Here, we show how JMJD2A/KDM4A can exert its cellular functions through interaction with ETV1 and induction of the Hippo pathway component yes associated protein 1 (YAP1). In addition, we demonstrate for what we believe is the first time that overexpression of a histone demethylase (JMJD2A) may be an underlying cause of tumorigenesis, thereby highlighting JMJD2A as a valid anticancer drug target.
Results
JMJD2A interacts with ETV1. In our longstanding pursuit to mechanistically understand the action of the ETS transcription factor Histone demethylase upregulation has been observed in human cancers, yet it is unknown whether this is a bystander event or a driver of tumorigenesis. We found that overexpression of lysine-specific demethylase 4A (KDM4A, also known as JMJD2A) was positively correlated with Gleason score and metastasis in human prostate tumors. Overexpression of JMJD2A resulted in the development of prostatic intraepithelial neoplasia in mice, demonstrating that JMJD2A can initiate prostate cancer development. Moreover, combined overexpression of JMJD2A and the ETS transcription factor ETV1, a JMJD2A-binding protein, resulted in prostate carcinoma formation in mice haplodeficient for the phosphatase and tensin homolog (Pten) tumor-suppressor gene. Additionally, JMJD2A cooperated with ETV1 to increase expression of yes associated protein 1 (YAP1), a Hippo pathway component that itself was associated with prostate tumor aggressiveness. ETV1 facilitated the recruitment of JMJD2A to the YAP1 promoter, leading to changes in histone lysine methylation in a human prostate cancer cell line. Further, YAP1 expression largely rescued the growth inhibitory effects of JMJD2A depletion in prostate cancer cells, indicating that YAP1 is a downstream effector of JMJD2A. Taken together, these data reveal a JMJD2A/ETV1/YAP1 axis that promotes prostate cancer initiation and that may be a suitable target for therapeutic inhibition.
Histone demethylase JMJD2A drives prostate tumorigenesis through transcription factor ETV1 Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI78132DS1). We also tested a point mutant of JMJD2A, H188A, which is impaired in its catalytic activity (15, 16) . In contrast to WT JMJD2A, this H188A mutant was much less able to cooperate with ETV1 ( Figure 1B ), yet still increased ETV1-dependent activity by approximately 1.5-fold (although this was not statistically significant). Likewise, only JMJD2A, but not the H188A mutant, synergized with ETV1 to stimulate an MMP1 luciferase reporter ETV1, we tested whether it interacts with JMJD histone demethylases. Specifically, we coexpressed Flag-tagged ETV1 with 16 different Myc-tagged JMJD proteins representing all major JMJD subfamilies. The Myc-tagged JMJD proteins were immunoprecipitated with Myc Abs, and the resulting immunoprecipitates were probed with anti-flag Western blotting to determine which JMJD proteins interacted with ETV1 ( Figure 1A) . Notably, strong complex formation was only observable between ETV1 and the 4 JMJD2 proteins. Next, we analyzed whether JMJD2 proteins augment ETV1 in upregulating matrix metalloproteinase-1 (MMP1), a previously identified target gene of ETV1 (14) . As we expected, ETV1 stimulated an MMP1 luciferase reporter gene in benign human BPH-1 prostate cells ( Figure 1B) . Importantly, JMJD2A-C, (Supplemental Figure 1D) . Conversely, the middle portion of JMJD2A (amino acids 490-750) was sufficient for binding ETV1 (Supplemental Figure 1E) . Together, our data strongly suggest that JMJD2A is a bona fide coactivator of ETV1. JMJD2A overexpression in prostate tumors. ETV1 is most prominently implicated in tumor formation within the prostate. Therefore, we explored whether JMJD2A would be expressed in this organ. First, utilizing specific JMJD2A Abs (see Supplemental Figure 2 ), we analyzed JMJD2A protein levels in several human prostate cell lines and observed elevated expression in some tumor-derived compared with 2 untransformed prostate cell lines (Figure 2A ). Second, we evaluated levels of JMJD2A mRNA. Consistent with a previous report (17) , Oncomine analysis of published microarray data (18) revealed that JMJD2A mRNA levels were significantly enhanced in prostate carcinomas relative to normal prostates ( Figure 2B) ; this was corroborated with various other microarray data sets (Supplemental Figure 3 , A and B) and was not due to JMJD2A gene copy number changes (Supplemental Figure 3C) . Notably, JMJD2A expression was high in most prosgene in African green monkey CV-1 kidney cells or an endogenous MMP1 gene transcription in human embryonic kidney 293T cells (Supplemental Figure 1, B and C) . Similarly, we observed that catalytically inactive JMJD2C-H190A, but not the corresponding JMJD2B-H189A/E191Q or JMJD2D-H192A mutants, stimulated ETV1 ( Figure 1B ). These data suggest that JMJD2A and JMJD2C stimulate ETV1 transcriptional activity predominantly in a manner dependent on their catalytic activity.
We then focused on the seemingly most potent transactivating JMJD2 protein and confirmed that endogenous JMJD2A also interacted with endogenous ETV1 in MDA-MB-231 breast and LNCaP prostate cancer cells ( Figure 1C ). Further, we purified GST-tagged ETV1 from bacteria and Flag-tagged JMJD2A from baculovirus and observed that Flag-JMJD2A was retained on glutathione beads loaded with GST-ETV1, but not with the GST moiety ( Figure 1D ). This shows that JMJD2A and ETV1 can directly bind to each other. Moreover, we found that the C-terminal amino acids 333-477, which encompass ETV1's DNA-binding and C-terminal activation domains, mediated the interaction with JMJD2A However, we found only one microarray experiment with Oncomine that showed a significant change of JMJD2D mRNA levels in prostate carcinoma, and unlike with JMJD2A-C, JMJD2D levels were decreased in prostate tumors compared with those in normal prostate tissue (Supplemental Figure 7C ). These data suggest that JMJD2B and JMJD2C, but not JMJD2D, may also be overexpressed in prostate cancer. JMJD2A stimulates prostate cell proliferation. As a first step to test whether JMJD2A might be causally implicated in prostate tumor development, we examined JMJD2A's impact on cell growth. We focused on LNCaP prostate cancer cells, since they are characterized by ETV1 overexpression (19, 20) and express JMJD2A at a high level (see Figure 2A) . Three different JMJD2A shRNAs were expressed in LNCaP cells, which reduced JMJD2A protein levels with different efficiencies ( Figure 3A) . Although JMJD2A is capable of demethylating H3K9me 3 or H3K36me 3 (15, 16) , these epigenetic marks were not globally affected by JMJD2A depletion ( Figure 3A ). Yet JMJD2A downregulation resulted in reduced cell growth ( Figure 3B ) and clonogenic capacity ( Figure 3C ). Consistent with being least able to reduce JMJD2A levels, shRNA no. 2 was less effective than the other 2 JMJD2A shRNAs in these assays. These progrowth characteristics of JMJD2A were also observed in other prostate cancer cell lines (C4-2, PC-3, DU145, LAPC-4) and tate tumors with ETV1 translocations (Supplemental Figure 4) . Less pronounced, JMJD2A expression was also increased in the benign precursors of prostate carcinoma, hyperplasia and prostatic intraepithelial neoplasia (PIN) (Supplemental Figure 5A) . Third, we stained human prostate tissue microarrays with JMJD2A Abs. Strong nuclear staining of JMJD2A was observable in many prostate tumors, but rarely in matching normal tissue ( Figure 2C and Supplemental Figure 5B ). Overall, high nuclear JMJD2A protein expression was found in 81% of tumors versus 3% of normal prostate tissues. Moreover, nuclear JMJD2A protein staining positively correlated with the Gleason score (Supplemental Figure 6A) as did JMJD2A mRNA levels (Supplemental Figure 6B) . Also, compared with the primary prostate tumor site, metastases displayed higher JMJD2A expression (Supplemental Figure 6C ). All this suggests that JMJD2A expression increases during the progression of prostate cancer development and might therefore be a marker for aggressive prostate tumors.
Similar to JMJD2A, we found overexpression of the other JMJD2 proteins in some of the prostate cancer cell lines, yet this in itself cannot be regarded as significant due to the low number of cell lines tested (Figure 2A probasin promoter. We obtained 4 founder mice, which all developed PIN. Two founder mice had offspring with a JMJD2A transgene (Supplemental Table 1 ); JMJD2A transgene expression was negligible in organs other than the prostate, with the exception of seminal vesicles (Supplemental Figure 12A ), which are androgen receptor-positive and therefore also display slight induction of the probasin promoter (21) . Cohorts of these 2 independent JMJD2A transgenic lines were established, which displayed enhanced JMJD2A staining, particularly within PIN regions (Supplemental Figure 12B ). Likewise, the cell proliferation marker Ki67 was expressed in a more pronounced manner in neoplastic regions of prostates from JMJD2A transgenic mice (Supplemental Figure 12C ). Also, staining for smooth muscle actin, which is normally found in the continuous fibromuscular layer surrounding the ducts but may become discontinuous upon PIN formation, often displayed discontinuities around diseased areas in prostates from JMJD2A mice (Supplemental Figure 12D ). More systematically, PIN formation was classified on a scale of 1 to 4 as defined for genetically engineered mice (22) . Already at 5 months of age, many of the JMJD2A transgenic mice developed high-grade PIN (grades 3 and 4), whereas only 1 syngeneic age-matched WT control mouse presented with grade 1 PIN and 3 further control mice had no PIN at all ( Figure 4 , A and B, and Supplemental Table 1 ). At 13 months of age, all transgenic mice presented with high-grade PIN; such lesions were not detected in age-matched control mice, although two-thirds of these mice exhibited low-grade PIN. These Cell-cycle profiling revealed that JMJD2A downregulation strongly reduced the number of LNCaP cells in the S phase, whereas the G 2 /M proportion was only moderately affected ( Figure 3D ). There were no detectable signs of PARP cleavage nor significant changes in sub-G 1 /G 0 DNA content cells (Supplemental Figure  10 ), indicating that the observed growth defects were due to deficient cell proliferation and not increased apoptosis. In conclusion, consistent with a potential role in driving tumorigenesis, JMJD2A is a positive regulator of proliferation in prostate cells.
Interestingly, overexpression of JMJD2A in LNCaP cells significantly enhanced their growth (Supplemental Figure 11 , A and B), whereas the H188A catalytically inactive mutant suppressed LNCaP cell growth, indicating that it may act as a dominant-negative protein. In contrast, overexpression of neither WT JMJD2A nor its H188A mutant had a growth effect in normal BPH-1 cells (Supplemental Figure 11 , C and D). This suggests that catalytic activity of JMJD2A may be needed for maximal growth of cancerous but not normal prostate cells.
Analysis of JMJD2A transgenic mice. To assess the role of JMJD2A overexpression in vivo, we created transgenic mice that expressed JMJD2A under the control of the prostate-specific rat results demonstrate that JMJD2A initiates neoplastic growth when overexpressed in the prostate. However, we did not observe any prostate carcinomas in our JMJD2A transgenic mice, which is similar to what has been observed in ETV1 transgenic mice that also only develop PIN (6, 20) . This suggests that JMJD2A or ETV1 overexpression primes prostate cells for the transformation from the PIN to the carcinoma stage upon acquisition of further mutations. PTEN mutations are frequently observed at the beginning and even more so during malignant progression of human prostate cancer, and Pten knockout can synergize with other genetic events in inducing murine carcinomas (2) . Two models are commonly used: heterozygous Pten +/-mice, which in contrast to Pten -/-mice are viable and develop PIN, and Pten flox/flox mice, in which prostate-specific inactivation of both Pten alleles induces invasive prostate carcinomas (23, 24) . We elected to utilize the heterozygous Pten +/-mouse model, since it may more faithfully reflect prostate cancer progression in humans that does not entail simultaneous inactivation of both PTEN alleles. In JMJD2A/Pten +/-compound mice that we generated, PIN formation, but no carcinomas, was observable (Table 1 and Supplemental Figure 13 ). Similarly, ETV1/Pten +/-mice reportedly solely develop PIN (7), and our data also show predominantly PIN formation with the exception of 1 ETV1/Pten +/-mouse that developed a minor, very focal carcinoma (Table 1) .
We then reasoned that rather than JMJD2A alone, the JMJD2A-ETV1 complex may cooperate with Pten haploinsufficiency to induce carcinomas. And indeed, while combined overexpression of JMJD2A and ETV1 did not induce carcinomas, 8 out of 13 triplemutant JMJD2A/ETV1/Pten +/-mice displayed prostate carcinoma formation; in 5 cases, tumor masses were even macroscopically visible on the triple-mutant prostates (Table 1, Figure 4 , C-F, and Supplemental Figure 13 ). Together, these data indicate that the JMJD2A-ETV1 complex possesses oncogenic activity in the prostate.
Identification of JMJD2A target genes. To decipher how the JMJD2A-ETV1 complex exerts its oncogenic potential, we performed mRNA microarray experiments with LNCaP prostate cancer cells expressing JMJD2A or ETV1 shRNAs. Compared with control shRNA, 256 genes were at least 1.4-fold downregulated by each of the 2 JMJD2A shRNAs used (Figure 5A and Supplemental  Table 2 ). Similarly, 2 different ETV1 shRNAs led to at least a 1.4-fold reduced expression of 209 genes ( Figure 5A and Supplemental Table 3 ). Of those, 97 were also downregulated with JMJD2A shRNAs, suggesting that these genes are jointly stimulated by JMJD2A and ETV1. On the other hand, we found that 212 or 196 genes were upregulated in the presence of JMJD2A or ETV1 shRNA, respectively; of these genes, 75 appeared to be coregulated by JMJD2A and ETV1. The number of genes jointly up-or downregulated with JMJD2A and ETV1 shRNAs was statistically significant (P < 0.0001, χ 2 goodness-of-fit test), indicating that joint regulation of gene transcription by JMJD2A and ETV1 is common in LNCaP prostate cancer cells.
Ingenuity systems analysis of our microarray data indicated 3 upstream regulators whose target molecules were affected upon JMJD2A/ETV1 downregulation: VEGF, HGF, and TP53 (Supplemental Figure 14A ). VEGF and HGF are both angiogenic growth factors and targets in clinical trials for prostate cancer (25) , whereas TP53 is one of the most prominent tumor-suppressor molecules (26) . Our data suggest that JMJD2A/ETV1 overexpression would result in activation of VEGF/HGF-mediated pathways, whereas the tumorsuppressive function of TP53 would be diminished, all of which could contribute to prostate tumorigenesis.
Among the most responsive common JMJD2A/ETV1 target genes (Supplemental Figure 14B and Supplemental Table 4 ), we selected 2 for further study, YAP1 and prostate transmembrane protein androgen induced 1 (PMEPA1). This selection was based on the facts that both genes are part of a network of JMJD2A/ETV1-regulated genes (Supplemental Figures 15 and  16 ) and that bioinformatical expression analyses (see below) or literature review predicted prostate cancer involvement. YAP1 is a transcriptional cofactor and downstream effector in the Hippo pathway that regulates organ growth and whose dysregulation is implicated in cancer (27, 28) . PMEPA1 expression is regulated by the androgen receptor, and its overexpression can inhibit growth of prostate cancer cells (29, 30) . We confirmed that downregulation of either ETV1 or JMJD2A reduced YAP1 mRNA and protein levels, whereas the opposite occurred for PMEPA1 ( Figure 5 , B and C, and Supplemental Figure 17 ). Furthermore, ChIP assays indicated that both ETV1 and JMJD2A bound to the YAP1 and PMEPA1 gene promoters ( Figure 5D ). As a control, we demonstrated that neither ETV1 nor JMJD2A bound to a YAP1 intron 3 region and only ETV1 bound to a region that is approximately 2.5 kb upstream of the YAP1 transcription start site, indicating that ETV1 and JMJD2A do not always bind to the same chromatin sites. Likewise, JMJD2A failed to bind to the promoter of the MMP7 matrix metalloproteinase ( Figure 5D ), a known ETV1 target gene (31) , and accordingly, only ETV1, but not JMJD2A, shRNAs affected MMP7 mRNA levels ( Figure 5B and Supplemental Figure 17 ), further validating our microarray screen. Together, these data suggest that the YAP1 and PMEPA1 promoters are directly regulated by a complex of ETV1 and JMJD2A.
We searched for additional evidence within public data sets to clarify whether the gene expression correlations identified above are general or might be specific to our experimental conditions by analyzing 3,949 human 2-color microarray data sets that represent a variety of normal and diseased tissues (32) . Strong correlations were found between YAP1 and ETV1 as well as between YAP1 and JMJD2A expression ( Figure 5, E and F) . This underscores that regulation of the YAP1 promoter by JMJD2A/ETV1 is widespread and of global importance. Further, data from the Cancer Genome Atlas (http://cancergenome.nih.gov/) indicated that YAP1 and JMJD2A mRNA levels are significantly correlated to each other in human prostate adenocarcinomas (Supplemental Figure 18 ). In contrast, there was no significant correlation between PMEPA1 and either JMJD2A or ETV1 in the 3,949 human 2-color microarray data sets, suggesting that PMEPA1 regulation by JMJD2A/ETV1 may be limited to the prostate, possibly because PMEPA1 is an androgendependent gene (29) . Since we did not find any impact of PMEPA1 downregulation or overexpression on LNCaP cell growth (Supplemental Figure 19 ) in contrast with YAP1 (see below), we focused in the following on the analysis of YAP1 in prostate cancer cells. Analysis of the YAP1 promoter. To corroborate that YAP1 is a direct target of ETV1 and JMJD2A, we fused the YAP1 promoter to a luciferase reporter gene and measured how ETV1 and JMJD2A would affect its activity. ETV1 or JMJD2A overexpression alone led to a robust activation of the YAP1 promoter in LNCaP cells, and the combination of ETV1 and JMJD2A was strongly collaborative (Figure 6A) . In contrast, catalytically inactive JMJD2A-H188A stimulated the YAP1 promoter by much less. This indicates that JMJD2A promotes YAP1 transcription predominantly, but not absolutely, through its catalytic activity. JMJD2B and JMJD2C, which were expressed at levels comparable to those of JMJD2A (Supplemental Figure 20A) , were much less efficient in coactivating ETV1, and their catalytic mutants were not at all active ( Figure 6A ). Further, JMJD2D had no significant impact on ETV1-mediated YAP1 promoter activity. This is similar to what we noted at the MMP1 promoter (see Figure 1B) , further corroborating that among the JMJD2 proteins, JMJD2A appears to be the most potent coactivator of ETV1.
To prove that ETV1 can directly bind to the YAP1 promoter, we performed electrophoretic mobility shift assays with 32 P-labeled oligonucleotides spanning potential ETV1-binding sites within the YAP1 promoter. While ETV1 bound to E74, a previously characterized ETV1-binding site (33) , it did not bind to any of the 8 potential ETS sites present in the YAP1 promoter ( Figure 6B and Supplemental Figure 20B ). However, when we added an Ab that relieves an intramolecular inhibition of DNA binding (5), we found strong binding of ETV1 to 2 oligonucleotides spanning either the ed in addition to E6, there was a trend toward further reduction of YAP1 luciferase activity ( Figure 6C ), implying that E1 and E2 may also contribute to YAP1 promoter activity. Regardless, our DNAbinding experiments combined with the luciferase assays establish that ETV1 can directly regulate the YAP1 promoter. Finally, we assessed how JMJD2A, which is a H3K9me 3 and H3K36me 3 demethylase (15, 16), may affect histone methylation at the YAP1 promoter. Downregulation of JMJD2A led expectedly to less JMJD2A recruitment in vivo ( Figure 6D and Supplemental Figure 21 ). Interestingly, binding of ETV1 to the YAP1 promoter was also reduced, suggesting that JMJD2A facilitates DNA binding of ETV1 in vivo. Furthermore, JMJD2A shRNAs caused an juxtaposed ETS site 1 (E1) and E2 or E6 and E7; this is reminiscent of induced in vitro DNA-binding of ETV1 to other target gene promoters, such as MMP7 and SMAD7, in the presence of this ETV1 Ab (31, 34) . Mutation of ETS site 1 (Em1/2) or 2 (E1/m2) in the E1/2 oligonucleotide reduced ETV1 binding, as did mutation of E6, but not of E7, in the E6/7 oligonucleotide ( Figure 6B ). These results implicate E1, E2, and E6 as possibly responsible for recruiting ETV1 to the YAP1 promoter.
We then mutated E1, E2, and E6 and observed that only mutation of E6 reduced ETV1-stimulated YAP1 promoter activity (Figure 6C) , suggesting that E6 is the most relevant ETV1-binding site within the YAP1 promoter. However, when E1 and E2 were mutat- Role of YAP1 in prostate cancer. To define the role of YAP1 in prostate cancer cells, we expressed respective shRNAs and observed a reduction of LNCaP cell growth ( Figure 7A ). Conversely, YAP1 overexpression stimulated LNCaP cell growth ( Figure 7B ), which is consistent with a recently published report (35) . Further, verteporfin, a small molecule that inhibits YAP1 function by compromising its interaction with TEAD transcription factors (36) , phenocopied YAP1 downregulation in LNCaP cells ( Figure 7C ). Together, these data indicate that YAP1 is a progrowth molecule in prostate cancer cells and that its downregulation may be crucial for the growth-suppressive effects observed with JMJD2A shRNAs. increase in H3K9 and H3K36 trimethylation, whereas H3K4me 3 levels were unaffected. This supports the notion that JMJD2A demethylates H3K9/K36 at the YAP1 promoter and thereby modulates its epigenetic status. On the other hand, downregulation of ETV1 not only reduced binding of ETV1 to the YAP1 promoter, but also of JMJD2A ( Figure 6D and Supplemental Figure 21 ), corroborating that ETV1 is largely responsible for recruitment of JMJD2A to the YAP1 promoter in vivo; accordingly, H3K9 and H3K36 trimethylation were also enhanced in the presence of ETV1 shRNAs. Together, these data provide evidence that the YAP1 gene promoter can be epigenetically regulated by JMJD2A upon its recruitment by ETV1. downstream effector of JMJD2A, thus linking JMJD2A and ETV1 to the Hippo signaling pathway. JMJD2A in prostate cancer. Recruitment of JMJD2A to chromatin can potentially lead to the demethylation of trimethylated histone H3 lysines 9 and 36 (15, 16) . Consistently, we found that H3K9me 3 and H3K36me 3 were enhanced at the YAP1 promoter upon JMJD2A downregulation ( Figure 6D ), whereas global levels of these epigenetic marks were unaffected ( Figure 3A) . H3K9me 3 is generally associated with a repressed chromatin status, and H3K36me 3 may also inhibit transcription at the start site (11) . Hence their demethylation by JMJD2A could promote transcription of target genes such as YAP1. On the other hand, JMJD2A can also suppress gene expression, as in the case of PMEPA1. This may involve demethylation of H3K36me 3 within the gene body, leading to reduced transcription elongation (37) , or the recruitment of nuclear receptor corepressors and deacetylases that remove activating posttranslational modifications from histones (38, 39) . This predicts that JMJD2A overexpression changes the epigenetic status of prostate cells and thereby contributes to their neoplastic transformation. This may not be the only mechanism of JMJD2A's action in cancer cells, since JMJD2A can also impair DNA damage repair, lead to site-specific gene copy number increases, or enhance protein synthesis (40) (41) (42) ; more studies are needed to decipher the contribution of each of these mechanisms to the oncogenic potential of JMJD2A.
Our study has shown that JMJD2A physically and functionally interacts with the DNA-binding transcription factor ETV1. Further, downregulation of ETV1 led to reduced JMJD2A binding to the YAP1 promoter in vivo, indicating a crucial role of ETV1 in the recruitment of JMJD2A to chromatin. However, JMJD2A is unlikely to exclusively interact with ETV1 and thereby influence prostate cancer cell physiology and, accordingly, different DNAbinding proteins may likewise utilize JMJD2A as a transcriptional cofactor. One attractive alternative interaction partner may be the androgen receptor, which was previously identified as forming complexes with JMJD2A (43) . Furthermore, ETV1 can bind to the androgen receptor and thereby affect androgen-dependent gene transcription (6, 7, 44) , suggesting that even a tripartite complex consisting of JMJD2A, ETV1, and androgen receptor may be involved in prostate tumorigenesis.
Regardless, JMJD2A transgenic mice developed high-grade PIN, demonstrating that JMJD2A overexpression is an underlying cause for the initiation of prostate tumorigenesis. This is the first demonstration, to our knowledge, that overexpression of any histone demethylase induces a neoplastic phenotype at the organismal level. Similarly to ETV1 transgenic mice that exclusively develop PIN (6, 20) , no carcinoma formation was observable in JMJD2A transgenic mice. This is not unexpected, since the development of prostate and other cancers requires several genetic changes to occur, although the number may be as low as 3 in solid tumors (2, 45) . When we mimicked 3 genetic alterations with our JMJD2A/ETV1/Pten +/-mice, carcinoma formation was observable in approximately half of these animals, whereas combining only 2 of these genetic changes did not result in any significant prostate tumor formation. This indicates that JMJD2A not only contributes to the formation of PINs, but also to their progression to carcinomas in cooperation with other genetic mutations, underscoring
To test this, we coexpressed JMJD2A shRNA together with a YAP1 expression vector in LNCaP cells. And indeed, YAP1 overexpression rescued the growth-repressive effect of JMJD2A shRNA to a large extent: growth repression on day 7 was reduced from 67% to 35% ( Figure 7D ). Similarly, YAP1 overexpression effectively counteracted the reduction of clonogenic capacity caused by JMJD2A shRNA ( Figure 7E ). These data strongly implicate YAP1 as an important downstream effector of JMJD2A.
Immunohistochemical analysis revealed that YAP1 was significantly overexpressed in human prostate tumors compared with matching normal tissue ( Figure 7F and Supplemental Figure  22A ). Of note, JMJD2A protein expression positively correlated with that of YAP1 (Supplemental Figure 22B) , consistent with JMJD2A influencing YAP1 transcription in the human prostate. Similarly, YAP1 was also overexpressed in JMJD2A transgenic mice ( Figure 7G ), further arguing for a causal relationship between JMJD2A overexpression and YAP1 upregulation. Moreover, high YAP1 expression correlated with disease recurrence after radical prostatectomy and also with Gleason score (Supplemental Figure 22 , C and D). These correlations imply that YAP1 promotes the aggressiveness of prostate tumors. Like YAP1 protein expression, PMEPA1 mRNA levels were upregulated in prostate carcinomas compared with normal prostate tissue (Supplemental Figure 23A ). However, a significant reduction of PMEPA1 expression was observable upon metastasis (Supplemental Figure  23 , B and C), suggesting that JMJD2A-and ETV1-mediated downregulation of PMEPA1 could be important for the progression of localized prostate cancer to the advanced stage.
Discussion
Here, we uncovered several important new insights into prostate cancer pathophysiology and the molecular function of JMJD2A. First, JMJD2A overexpression induces prostatic neoplasia in a transgenic mouse model, establishing JMJD2A as an initiator of prostate tumorigenesis. Second, overexpression of JMJD2A occurs in the majority of human prostate tumors and correlates with Gleason score and metastasis, suggesting that JMJD2A might be a marker for and contributes to the progression to advanced prostate cancer. Third, JMJD2A is a novel ETV1-binding protein and modulates ETV1 transcriptional responses. Fourth, the JMJD2A-ETV1 complex drives prostate carcinoma formation upon Pten haploinsufficiency. Fifth, YAP1 is a seminal repressed by the JMJD2A-ETV1 complex. This does not dovetail with our bioinformatical analyses showing PMEPA1 upregulation in prostate carcinomas compared with normal tissue, suggesting that PMEPA1 transcription is not governed by JMJD2A/ETV1 in primary prostate tumors. However, we and others (54) also demonstrate that PMEPA1 becomes downregulated in metastases, suggesting that PMEPA1 may block the progression from indolent to advanced prostate cancer. Consistently, PMEPA1 knockdown promotes the metastatic potential of PC3 prostate cancer cells, possibly by relieving repression of prometastatic, TGF-β-stimulated genes, and low PMEPA1 levels correlate with an adverse prognosis (54, 55) . Hence, by repressing PMEPA1 transcription during later stages of the disease, JMJD2A/ETV1 may foster metastasis and thereby contribute to advanced prostate cancer (Figure 8 ).
In addition to YAP1 transcription, our microarray data imply that JMJD2A (and ETV1) can stimulate angiogenic pathways controlled by VEGF and HGF. Both VEGF and the receptor for HGF are known to be overexpressed, especially in prostate cancer patients with bone metastasis (56, 57) , and attempts are underway to suppress their function in tumor growth and metastasis (25) . This provides another potential mechanism for how the JMJD2A-ETV1 complex stimulates tumorigenesis ( Figure 8 ). Our microarray data also revealed that JMJD2A overexpression leads to suppression of TP53-modulated pathways. This may be particularly important during the initiation and progression of tumor formation (26) . Although further studies are needed to explore how JMJD2A affects TP53-modulated pathways, one mechanism could be binding of JMJD2A to the TP53 tumor suppressor that reportedly inhibits its activity (58) .
Perspective. Our survey of 3,949 different mRNA microarrays revealed a strong correlation between ETV1 and YAP1 as well as between JMJD2A and YAP1 expression, emphasizing that the molecular mechanisms by which JMJD2A and ETV1 regulate YAP1 transcription that were identified in this study are not restricted to the prostate, but apply to many other organs. Thus, JMJD2A and ETV1 are in general implicated as modulators of the Hippo pathway and therefore potentially affect development, organ growth, and tissue homeostasis, which are all tightly controlled by the Hippo signaling pathway (28) . Finally, aside from prostate cancer, JMJD2A was found overexpressed in other tumors, including breast and lung cancer (59, 60) . Our study predicts that JMJD2A overexpression is also an underlying cause for tumor formation in these cases and involves dysregulation of the JMJD2A/ETV1/ YAP1 axis. Hence, inhibition of this axis may be clinically beneficial beyond prostate cancer.
Methods
Coimmunoprecipitation. 293T cells (obtained from ATCC) were grown in 6-cm dishes and transiently transfected by the calcium phosphate coprecipitation method (61) with 2 μg Flag 2 -ETV1 and 4.5 μg 6Myc-JMJD expression vectors along with 2.5 μg pBluescript KS + (Stratagene). Immunoprecipitations were performed as described (59) using 9E10 Myc Ab (Sigma-Aldrich, M4439) and coprecipitated protein revealed by Western blotting using M2 Flag Ab (Sigma-Aldrich, F1804) and enhanced chemiluminescence (62) . ETV1 Ab H-70 (Santa Cruz Biotechnology Inc., sc-28681) was employed for endogenous coimmunoprecipitations followed by Western blotting with JMJD2A Ab (Bethyl Laboratories, A300-861A).
the oncogenic character of JMJD2A. Furthermore, our mouse data reinforce that the complex formation between JMJD2A and ETV1 is biologically relevant in tumorigenesis. Based on the facts that JMJD2B and JMJD2C are functionally and structurally very similar to JMJD2A (13) , that JMJD2B and JMJD2C are also upregulated in human prostate tumors, and that they stimulate ETV1's transcriptional activity as shown for the MMP1 and YAP1 promoters, one may hypothesize that JMJD2B and JMJD2C might be interchangeable with JMJD2A in prostate tumorigenesis. Metastatic prostate cancer, although initially contained by androgen ablation therapy, is a highly lethal disease without other effective therapeutic options. Our data strongly suggest that JMJD2A is overexpressed in metastatic prostate tumors and inhibition of JMJD2A may therefore be a valid therapeutic approach. Notably, JMJD2A is an enzyme and thus amenable to inhibition by small molecules. Several such inhibitors of JMJD2A were identified in vitro, but have not yet been developed into therapeutics (13, (46) (47) (48) . Improvements in specificity, bioavailability, and safety should occur before commencement of (pre-)clinical tests with JMJD2A inhibitors, and possibly our JMJD2A transgenic mice may prove valuable as a tool for assessing their efficacy.
Roles of JMJD2A target genes in cancer. YAP1 is a transcriptional cofactor, and its overexpression has been observed in several cancers (27) . A previous study suggested that YAP1 expression is elevated in prostate tumors (49) ; this was corroborated by our immunohistochemistry results, and we additionally found an association of YAP1 expression with tumor aggressiveness. Further, we demonstrated that YAP1 downregulation reduced LNCaP cell growth, whereas YAP1 overexpression accelerated it, thereby establishing YAP1 as a progrowth factor in prostate cancer cells. Finally, YAP1 was capable of largely rescuing the antigrowth effect of JMJD2A downregulation in LNCaP cells, emphasizing that YAP1 is a pivotal downstream effector of JMJD2A. This notion is strongly supported by a recently published study indicating that YAP1 overexpression in the mouse prostate also leads to the formation of neoplasias (50) . Thus, by upregulating YAP1 transcription, JMJD2A may stimulate tumor initiation, growth, and metastasis (Figure 8 ), since all of these processes are regulated by YAP1 (51) . Together, these findings suggest that YAP1 is an attractive prostate cancer drug target in its own right. Notably, proof of principle has been provided that YAP1 is druggable: small molecules or peptides were found that prevented YAP1 from coactivating TEAD transcription factors and thereby suppressed YAP1-induced hepatomegaly or gastric tumor growth in vitro and in vivo (36, 52) . The fact that the YAP1 inhibitor verteporfin can inhibit LNCaP ( Figure  7C ) and VCaP prostate cancer cell growth (50) further stresses that YAP1 inhibition could indeed be a valid new strategy for combatting prostate cancer. Interestingly, VCaP cells are characterized by overexpression of ERG (53) , and this ETS transcription factor, like ETV1, is capable of stimulating YAP1 gene transcription (50) . Hence, it is tempting to speculate that JMJD2A may not only exert its oncogenic role through ETV1, but also via ERG, the 2 ETS proteins most frequently overexpressed in prostate cancer (3) .
In contrast with YAP1, PMEPA1 downregulation or overexpression did not affect LNCaP prostate cancer cell growth, suggesting that PMEPA1 does not influence tumor initiation and localized growth. Also, in contrast with YAP1, PMEPA1 transcription was Knockdown and overexpression experiments. All shRNAs were cloned into pSIREN-RetroQ (Clontech). The human sequences targeted by shRNAs were as follows: JMJD2A no. 2 (GATAGC-CAATAGCGATAAG); JMJD2A no. 3 (GTTGAGGATGGTCTTACCT); JMJD2A no. 5 (GGACTTAGCTTCATAACTA); YAP1 no. 1 (CCAC-CAAGCTAGATAAAGA); YAP1 no. 2 (GCTTATAAGGCATGAGACA); and YAP1 no. 3 (AGTAATAGTTGGTTGTGAA). ETV1 shRNAs were as described (68) . Retrovirus expressing these shRNAs was produced as described (69) . Cells were infected twice and selected with 1 μg/ml puromycin. Cell growth was measured with the PrestoBlue Cell Viability Kit (Invitrogen) according to the manufacturer's instructions. Briefly, cells were seeded in 96-well plates (3,000 cells per well) and grown for indicated times; then PrestoBlue reagent was added and cells incubated for another 1 hour at 37°C. Fluorescence was measured at 590 nm (excitation at 530 nm). For clonogenicity assays, 20,000 cells were plated in a 10-cm dish and the medium changed every 3 to 4 days. After 3 weeks, cells were fixed with 10% methanol/10% glacial acetic acid for 10 minutes and stained with 0.4% crystal violet in 10% ethanol for 5 minutes. In the case of overexpression experiments, cells were infected with lentivirus expressing either HA-tagged YAP1 or a GFP control.
Flow cytometry. Cell-cycle analysis was performed by measuring uptake of EdU (Click-iT EdU Alexa Fluor 647 flow cytometry kit, Invitrogen) and staining DNA with propidium iodide (PI). Cells were incubated with 20 μM EdU for 1 hour at 37°C and harvested by trypsinization. Then cells were fixed in 4% paraformaldehyde for 15 minutes and permeabilized with saponin-based buffer; fluorescent labeling was performed by addition of Click-iT reaction mixtures. For DNA staining, cells were incubated in PI solution with RNase A for 30 minutes at 37°C. Cells were sorted with a FACSCalibur (BD Biosciences) and cellcycle profiles determined with FlowJo analysis software (Tree Star).
Transgenic mice. Human JMJD2A cDNA was cloned downstream of the androgen-responsive and prostate-specific ARR2PB promoter (21) and upstream of a SV40 polyadenylation site and intron. This gene cassette was injected into 1-cell fertilized FVB mouse embryos that were reimplanted into pseudopregnant females. Resulting founder animals (F0) were crossed with C57BL/6 mice to generate F1 mice, which were backcrossed one more time with C57BL/6 mice, thereby obtaining F2 mice. These F2 mice were crossed among themselves to obtain F3 mice. F2 and F3 mice, which were all 25% FVB and 75% C57BL/6 in genetic background, were employed for analysis. For genotyping, clipped mouse tails (~0.5 cm length) were boiled in 0.5 ml of 50 mM NaOH for 30 minutes, after which 0.1 ml of 1 M Tris-HCl (pH 8) was added for neutralization. One microliter of supernatant was subjected to PCR amplification using the following primers: ARR2PB-for-1 (5′-GGAAGCTACTCTGCACCTTGTCAG-3′) and JMJD2A-Kpn (5′-TCATAGAGGGTACCATTCACATCTGC-3′), which resulted in a 508-bp PCR product identifying the presence of the JMJD2A transgene. PCR was performed with the GoTaq DNA polymerase kit (ProRecombinant protein production and GST pull-down assays. JMJD2A cDNA was cloned into Flag-His-Bac vector (a derivative of pFastBac TM 1; a gift from Michael Hamann, Department of Immunology, Mayo Clinic), thereby fusing a Flag-tag plus a 6His-tag onto the N terminus of JMJD2A. Recombinant baculovirus was then generated with the Bac-to-Bac System (Invitrogen). Infected Sf9 cells were grown in spinner culture for 48 to 96 hours at 27°C and His-tagged protein purified using Ni 2+ -NTA agarose (QIAGEN) according to standard procedures. ETV1 fused to GST was expressed in E. coli and purified utilizing glutathione agarose (Sigma-Aldrich. G4510) according to recommended procedures, dialyzed against 20 mM HEPES (pH 7.4), 50 mM NaCl, 10% glycerol, 1 mM DTT, and 0.2 mM PMSF, and stored at -80°C (63) . GST pull-down assays were then performed by first binding GST fusion proteins to glutathione agarose and then challenging these loaded beads with recombinant JMJD2A protein. After washing away unbound JMJD2A, protein complexes were boiled off with Laemmli sample buffer and subjected to SDS polyacrylamide gel electrophoresis followed by anti-Flag Western blotting (64) .
Luciferase assays. BPH-1 cells (obtained from ATCC) were grown in 12-well plates to approximately 30% confluency and then transfected utilizing 2 μg polyethylenimine (MW ~25,000; catalog 23966, Polysciences Inc.) with 250 ng luciferase reporter construct, 0.75 μg pBluescript KS + , 25 ng empty vector pEV3S or ETV1 expression plasmid, and 10 ng pEV3S or Flag-tagged JMJD2 expression constructs. LNCaP cells (obtained from ATCC) were grown in poly-L-lysinecoated 6-well plates to approximately 40% confluency and then transfected utilizing 8 μg polyethylenimine with 500 ng luciferase reporter construct, 1.5 μg pBluescript KS + , and 2.5 ng of empty vector pEV3S or ETV1 expression plasmid. Alternatively, LNCaP cells were similarly transfected in 12-well plates using half the amount of reagents, but with 5 ng pEV3S (65) or ETV1 expression plasmid plus 40 ng of pEV3S or Flag-tagged JMJD2 expression construct. At 36 hours after transfection, cells were lysed and luciferase activities determined as described (66) . Oncomine analysis. The Oncomine database (www.oncomine.org) was accessed and searched for expression levels with a P value of less than 0.05. Thresholds for fold-change and gene rank as well as data type were set to "all." Statistical significance was provided by Oncomine in the form of a Student's t test. For a more extensive description of Oncomine, the reader is referred to a published report (67) .
Immunohistochemistry. The consecutively cut prostate tissue microarrays used (AccuMax A302IV; ISU Abxis) encompassed 32 cores in duplicate from human prostate tumors and 32 matching normal prostate tissue cores; since 1 normal tissue core was essentially without cells, only 31 pairs of tumor/normal tissue cores were included in all analyses. Tissue microarray no. 141 was used for YAP1 and no. 142 for JMJD2A staining. All staining was performed with a Leica BOND-III machine. An initial 40 minutes (JMJD2A) or 20 minutes (YAP1) treatment with Bond Epitope Retrieval Solution 1 (Leica Biosystems) was employed to stain human prostate tissue microarrays. Mouse monoclonal JMJD2A Abs were from Abcam (ab104831; 1:400), and rabbit polyclonal YAP1 Abs were from Santa Cruz Biotechnology Inc. (H-125, sc-15407; 1:100). Intensity was scored on a scale of 0 to 3, and percentage of positive cells on a scale of 1 to 4. The staining index was derived as the product of these individual scores. The staining index of the tumor was defined as the average of the 2 respective tumor tissue cores.
